a r t I C l e S Nestin, a type IV intermediate filament protein, was first identified in multipotent neural stem cells (NSCs) 1 . Since then, Nestin has been widely used as a marker for NSCs in various regions of the nervous system. It is generally believed that as NSCs differentiate into lineage-restricted progenitors, Nestin is replaced by neurofilament and glial fibrillary acidic protein (GFAP) in neurons and glial cells, respectively 2 . These events may reflect temporal and spatial control of intermediate filament expression, which facilitates changes in cellular shape and migratory potential. However, several studies have suggested that not all Nestin-expressing cells are NSCs and that some are lineage-committed neuronal and glial progenitors 3, 4 . Furthermore, recent studies have suggested that Nestin expression is not limited to the nervous system: for example, Nestin + cells have been described in the skin, pancreas and kidney 5 . These studies suggest that Nestin cannot be unambiguously interpreted as a marker for NSCs.
In the cerebellum, Nestin expression has been well-documented in both NSCs and radial (Bergmann) glia [6] [7] [8] [9] . However, Nestin expression in GNPs has been controversial: whereas some reports have suggested that Nestin expression is extinguished before cells commit to the granule lineage 10 , others have suggested that GNPs can express Nestin [11] [12] [13] . In part, these discrepancies may be due to the fact that the EGL, where GNPs reside, is traversed by the processes of Bergmann glia, making it difficult to distinguish Nestin + cells from Nestin + fibers. In many studies, animals that express Cre recombinase under the control of the nestin promoter have been used to target GNPs 14, 15 . However, it is not known whether recombination occurs in GNPs themselves or in the NSCs that give rise to them.
In this study, we identified a population of progenitors in the developing cerebellum that express high levels of Nestin. Despite lacking the canonical GNP lineage marker Math1 (encoded by Atoh1, here referred to as Math1), these NEPs are committed to the granule neuron lineage. NEPs are distinct from conventional GNPs in terms of location, proliferative status and gene expression. In particular, genes associated with DNA repair are underexpressed in NEPs compared with GNPs. After activation of Shh signaling, NEPs exhibit more severe genomic instability and give rise to medulloblastoma more efficiently than GNPs. Our studies therefore revealed a unique population of neuronal progenitors in the developing cerebellum and suggest that the intrinsic properties of the cell of origin can serve as predisposing factors for tumorigenesis.
RESULTS

A rare cell population in cerebellar EGL expresses Nestin
In the cerebellum, Nestin expression has been well-described in both NSCs and Bergmann glia [6] [7] [8] [9] . However, whether GNPs express Nestin still remains unresolved.
To evaluate Nestin expression in the developing cerebellum, we first performed immunohistochemical staining using antibodies to Nestin. We readily detected Nestin protein in the cerebellum of mice at postnatal day 4 (P4; Fig. 1a) . However, because Nestin protein is distributed both in the cytoplasm and on cell fibers, it is difficult to clearly distinguish Nestin-expressing cells based on immunostaining. To circumvent this limitation, we used Nestin-CFP transgenic mice, which express a nuclear-localized form of CFP driven by the a r t I C l e S promoter and second intron of the nestin gene 16 . This protein does not label fibers and therefore makes it easy to identify the cell bodies of Nestin-expressing cells. In the cerebellum of Nestin-CFP mice at P4, at least three populations of cells were CFP + (Fig. 1b) . Consistent with previous reports 6, 8 , CFP + cells included Bergmann glia in the molecular layer (S100β + , Fig. 1c) and NSCs in the white matter (Musashi + , Fig. 1d ). In addition, a small population of cells in the EGL expressed the Nestin-CFP transgene (Fig. 1e) . All the CFP + cells in the EGL (NEPs) did not express Math1 (Fig. 1f) , a well-characterized marker for GNPs 17. In addition, Math1 + GNPs resided in the superficial part of the EGL, whereas NEPs were predominantly localized in the deep EGL of the developing cerebellum (Fig. 1f) . These data suggest that NEPs may be a previously unidentified cell population that is distinct from conventional GNPs. In Nestin-CFP transgenic mice, we found NEPs only in the cerebellum during early development (E16.5-P15). At embryonic day 14.5 (E14.5), we detected no Nestin-expressing cells in the EGL (Supplementary Fig. 1a ) or in the rhombic lip ( Supplementary Fig. 1b) where GNPs originate 10 . We first detected NEPs in the EGL at E16.5 ( Supplementary Fig. 1c,d ) and we did not find them in the postnatal cerebellum at P21 ( Supplementary  Fig. 1e ). These data indicate that NEPs are a transient population that exists only during early cerebellar development.
To further characterize NEPs in the EGL, we purified these cells. For this purpose, we crossed Nestin-CFP mice with Math1-GFP mice, in which conventional GNPs exclusively express GFP 18 . We then prepared sagittal cerebellar slices from P4 Math1-GFP-Nestin-CFP mice, and microdissected cerebellar EGLs under a fluorescence microscope to exclude the Nestin + cells in the molecular layer and the white matter (Fig. 1g) . We dissociated the dissected EGLs (Fig. 1h) and analyzed them by flow cytometry to detect expression of GFP and CFP. The majority of cells in the EGL were GFP + (Fig. 1i) , indicating that cerebellar EGL is dominated by Math1 + GNPs. Approximately 3-5% of cells in the EGL expressed Nestin-CFP, which is consistent with our immunohistochemical staining of cerebellar sections (Fig. 1b) . Almost none of the cells were both GFP + and CFP + based on the flow cytometric analysis (Fig. 1i) . Using confocal microscopy, we confirmed that GFP + GNPs and CFP + NEPs were mutually exclusive in the EGL of Math1-GFP-Nestin-CFP mice at P4 (Fig. 1j) . These data suggest that NEPs and GNPs are two distinct cell populations in the postnatal EGL. As a control, we also dissected the white matter from the cerebellum of Math1-GFP-Nestin-CFP mice ( Supplementary  Fig. 2a,b) . FACS analysis (Supplementary Fig. 2c-e) indicated that more than 18% of cells in the white matter were CFP + , and 35% of CFP + cells expressed Prominin1, a marker for NSCs 19 , suggesting that at least some of the Nestin-expressing cells in the white matter are NSCs.
To determine whether the CFP and GFP fluorescence in the cerebellum of Nestin-CFP-Math1-GFP mice faithfully reflects expression of endogenous Nestin and Math1 proteins, we examined FACS-sorted CFP + cells and GFP + cells by immunocytochemistry. All GFP + cells isolated from the EGL in Nestin-CFP-Math1-GFP animals at P4 were Math1 + but lacked Nestin protein ( Supplementary Fig. 3a-d) . Similarly, we detected Nestin protein in the cytoplasm of all sorted CFP + cells, which lacked Math1 protein ( Supplementary Fig. 3e-h ). These data suggest that NEPs and GNPs can be purified from cerebellum of Nestin-CFP-Math1-GFP mice by microdissection followed by FACS.
NEPs are committed to the granule neuron lineage As Nestin is commonly used as a marker for NSCs, we examined whether NEPs isolated from the EGL might represent NSCs. NSCs from many parts of the central nervous system proliferate and form macroscopic neurospheres when cultured in the presence of growth factors such as epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) 20 . To examine the capacity of NEPs to form neurospheres in culture, we purified NEPs and GNPs from the EGL of the cerebellum P4 Nestin-CFP-Math1-GFP mice and cultured them at clonal density in the presence of bFGF and EGF. As controls, we also cultured NSCs (Prominin1 + Lin -cells) isolated from the same cerebellum as previously described 6 . After 7 d, neurospheres were readily detectable in cultures of NSCs, whereas almost no neurospheres were generated from NEPs and GNPs (Fig. 2a,b) . These data indicate that unlike NSCs, NEPs have a limited capacity to form neurospheres in vitro. npg a r t I C l e S Another important characteristic of NSCs is their capability to differentiate into multiple cell lineages including neurons, astrocytes and oligodendrocytes 20 . To examine whether NEPs exhibit multipotency, we cultured purified NEPs and NSCs under differentiation culture conditions. After 3 d in vitro, NSCs differentiated into neurons (βIII-tubulin + ), astrocytes (S100β + ) and oligodendrocytes (O4 + ) ( Supplementary Fig. 4 ). In contrast, NEPs exclusively gave rise to βIII-tubulin + neurons (Fig. 2c) . Fewer than 2% of cells in NEP cultures were Bergmann glia or oligodendrocytes (Fig. 2d) . These data suggest that NEPs represent lineage-restricted neuronal progenitors rather than multipotent stem cells.
To confirm the neuronal lineage commitment of NEPs, we examined their differentiation potential in vivo using intracranial transplantation assays. We purified NEPs from the EGL of P4 Nestin-CFP-Actin-DsRed animals (which express red fluorescent protein in all cells 21 ), and then transplanted them into the cerebellum of strain CB17 severe combined immunodeficient (SCID) animals at P4. We detected no proliferation among NEPs after the transplantation based the immunohistochemical staining for Ki67 (data not shown). At P21, we sectioned recipient cerebella to detect the differentiation of transplanted cells (DsRed + , Fig. 2e ). All DsRed + cells were Zic1 + (Fig. 2f) , a marker of cerebellar granule neurons 22 , and in the recipient cerebellum we found no DsRed + Purkinje neurons (Calbindin + , Fig. 2g ), Bergmann glial cells (S100β + , In the studies above we focused on the differentiation potential of NEPs after isolation. To determine the fate of NEPs in situ, we lineagetraced these cells by using a Nestin-CreER T2 mouse, in which expression of a tamoxifen-regulatable Cre recombinase is controlled by the nestin enhancer 23 . We crossed Nestin-CreER T2 mice to Gt(ROSA)26Sor reporter (R26R) mice expressing GFP preceded by a loxP-flanked stop sequence 24 . After tamoxifen treatment at P4, Nestin-CreER T2 -R26R-GFP mice were killed at P21 to locate the GFP + cells in their cerebella by immunohistochemistry. 5-7% of the cells in the cerebellar internal granule layer (IGL)were GFP + (Fig. 2j) . All of the GFP + cells in the IGL expressed Zic1 (Fig. 2k) . We found no Calbindin + Purkinje neurons ( Fig. 2l) or Parvalbumin + interneurons ( Fig. 2n) among GFP + cells. GFP + cells in the molecular layer were glial cells that expressed S100β (Fig. 2m) , presumably originating from Bergman glial cells expressing Nestin at P4. Some GFP + fibers remained on the surface of the NestinCreER T2 -R26R-GFP cerebellum at P21. These fibers did not have cell nuclei and were S100β + ( Supplementary Fig. 5 ), suggesting that they represent end-feet of the Bergmann glial cells mentioned above. These data suggest that in addition to GNPs, NEPs also contribute to the genesis of granule neurons during cerebellar development.
NEPs and GNPs represent distinct lineages
It is generally believed that cerebellar granule neurons originate predominately from Math1 + GNPs in the EGL 25 . Above we demonstrated that NEPs also generate granule neurons. We therefore examined the possible lineage relationships between NEPs and GNPs. For this purpose, we crossed Math1-Cre-R26R-GFP mice, which have previously been used to lineage-trace conventional GNPs 7, 25 , with Nestin-CFP animals. We microdissected cerebellar EGLs from these animals at P4 and dissociated them for FACS analysis. 58% of cells in the EGL were GFP + , and ~4% of EGL cells at P4 were CFP + (Fig. 3a) . We detected no GFP + CFP + cell npg a r t I C l e S population among EGL cells at P4 (Fig. 3a) or at later stages examined (P8-P15; data not shown). These results suggest that Math1 + GNPs do not give rise to NEPs during cerebellar development.
To determine whether NEPs can give rise to GNPs, we crossed Nestin-CreER T2 mice to R26R-GFP mice to lineage-trace NEPs in the postnatal cerebellum. We treated Nestin-CreER T2 -R26R-GFP animals with tamoxifen at P4 and collected cerebella at P8 for immunostaining with antibodies to Math1 and GFP. Math1 + GNPs were preferentially located in the outer part of cerebellar EGL (Fig. 3b) . No Math1 + GNPs expressed GFP at P8 or at later developmental stages (P10-P21, data not shown), suggesting that GNPs do not derive from NEPs in the developing cerebellum. The above data indicate that NEPs and GNPs are two independent cell lineages.
NEPs can proliferate in response to Sonic hedgehog Shh protein, secreted by Purkinje neurons, is the major mitogen for GNPs in the EGL 26 . As NEPs residing in the inner EGL are closer to the source of Shh than GNPs are, they might be expected to show increased Shh signaling. To test this, we used quantitative PCR to measure expression of Shh pathway target genes (Ccnd1and Gli1) in NEPs and GNPs purified from Math1-GFP-Nestin-CFP cerebellum at P4. As expected, we detected very high levels of Ccnd1 and Gli1 in GNPs (Fig. 4a) , consistent with the fact that Shh signaling occurrs in these cells. Expression of Ccnd1 and Gli1 was markedly lower in NEPs than in GNPs, suggesting that the Shh pathway was less active in NEPs. We then examined the proliferation of NEPs in the EGL by immunostaining cerebella from P4 Nestin-CFP and Math1-GFP mice with Ki67 antibodies. The majority of Math1 + GNPs in the EGL were Ki67 + (Fig. 4b) , indicating that they are highly proliferative. In contrast, the majority of NEPs were Ki67 -at P4 (Fig. 4c) and at all other stages examined (P0-P15, data not shown), suggesting that in contrast to GNPs, NEPs in the EGL are quiescent. Thus, despite being located proximal to the source of Shh (Purkinje neurons), NEPs do not appear to exhibit an active Shh signal pathway in vivo.
To test whether NEPs can respond to Shh, we purified GNPs and NEPs from cerebellum of P4 Nestin-CFP-Math1-GFP mice, treated them with recombinant Shh protein in vitro and examined their proliferation by immunostaining for Ki67. In the absence of Shh, the majority of both GNPs and NEPs stop dividing and become Ki67 -after 48 h in culture (Fig. 4d,f) , indicating that both cell populations are, or become, quiescent in vitro without Shh treatment. Consistent with previous studies 26, 27 , Shh dramatically increased the proliferation of GNPs (Fig. 4e,h) , and to our surprise, proliferation of NEPs was also significantly (P = 0.00077; Student's t test) increased in the presence of Shh (Fig. 4g,h ). These data suggest that NEPs have the capacity to respond to Shh in vitro, although they remain quiescent in vivo.
DNA repair-associated genes are downregulated in NEPs The studies described above indicate that NEPs can give rise to granule neurons but are distinct from conventional GNPs. To determine the molecular basis for the difference between NEPs and GNPs, 
npg a r t I C l e S
we performed gene expression analysis. RNA from NEPs, GNPs and NSCs purified from cerebellum of P4 Nestin-CFP-Math1-GFP mice was subjected to microarray analysis using Affymetrix mouse 430 2.0 chips. We then performed principal component analysis (PCA), a statistical method that facilitates global comparison of gene expression among multiple samples. NEPs, GNPs and NSCs were well separated from one another (Fig. 5a) , confirming that NEPs are a unique progenitor population in the developing cerebellum.
To gain insight into properties that distinguish NEPs and GNPs, we examined the genes differentially expressed between these two cell populations. Among the 45,101 probe sets on the arrays, 4,902 (10.87%) showed significant differences in expression (increased or decreased by ≥2-fold, false discovery rate < 0.01 by paired t test). Among those, expression for 2,755 was higher in NEPs, and that for 2,147 was lower. Gene enrichment analysis using NexusExp3 software identified four major categories of genes that were differentially expressed between NEPs and GNPs ( Table 1) . Consistent with our observation that NEPs are normally quiescent in vivo, expression of genes associated with cell proliferation and cell cycle was markedly decreased in NEPs compared with GNPs. Cell adhesion and migration genes were also upregulated in NEPs, in agreement with the known involvement of Nestin in cell migration 5 . Genes involved in neural cell fate commitment were upregulated in NEPs relative to GNPs, consistent with the neuronal lineage restriction of NEPs. Finally, of 179 genes associated with DNA damage and repair, 62 (34.64%) were differentially expressed between NEPs and GNPs (P < 0.001). All 62 genes were downregulated in NEPs compared with GNPs. We validated the reduced expression of several DNA repair-associated genes in NEPs (including Chek1, Lig3 and Parp1) by quantitative PCR (Fig. 5b) .
The quiescent status of cells, particularly stem cells, has been suggested to be an essential protective mechanism that minimizes endogenous stress caused by cellular respiration and DNA replication 28 . To determine whether the decreased expression of DNA repair-associated genes in NEPs is due to their quiescent status, we induced the proliferation of NEPs and GNPs by exposing them to recombinant Shh. After 48 h, we harvested cells for quantitative PCR analysis. Expression of Chek1, Lig3 and Parp1 was significantly lower (two-tailed Student's t test; Chek1, P = 0.00085; Lig3, P = 0.0171; Parp1, P = 0.0106) in proliferating NEPs than GNPs (Supplementary Fig. 6 ). These data suggest that decreased expression of DNA repair-associated genes in NEPs is independent of their quiescent state. The above results indicate that NEPs have a distinct genetic profile characterized by decreased expression of DNA repair-associated transcripts.
Proliferative stress causes DNA instability in NEPs
The cellular DNA repair machinery is critical for maintaining the genomic integrity that is constantly challenged by endogenous and exogenous stimuli 29 . The decreased expression of DNA repair genes in NEPs raises the possibility that these cells may be more susceptible to DNA damage in response to genotoxic agents and stress. Because hyperproliferation can cause DNA-replication stress and genomic damage 30 , we compared the genomic alterations in hyper-proliferating NEPs and GNPs. For this purpose, we crossed Math1-GFP-Nestin-CFP mice with Ptch1 C/C mice, in which the loxP-flanked Patched1 (Ptch1) gene can be conditionally ablated in a Cre recombinasedependent manner 31 . Ptch1 is an antagonist of the Shh signaling pathway, so Ptch1 deletion causes aberrant activation of Shh signaling and hyperproliferation in both stem cells and progenitors in the nervous system 7, 32, 33 . We purified NEPs and GNPs from P4 Math1-GFP-Nestin-CFP-Ptch1 C/C cerebella and deleted Ptch1 in these cells by infection with a lentivirus encoding Cre recombinase. 24 h after infection, we pulse-labeled the cells with BrdU for an additional 12 h and then collected them for analysis of BrdU incorporation by immunocytochemistry. We observed extensive and comparable proliferation among GNPs and NEPs infected with lentivirus encoding Cre recombinase (Supplementary Fig. 6c) 7 . We then harvested these two cell populations to perform metaphase spreading to test for the presence of chromosomal aberrations, which is the major form of genomic instability in mammalian cells 34 . We found more chromosome alterations including chromosomal breaks, centromere separation and pulverization in NEPs (62.96%) compared with GNPs (20.0%), suggesting that NEPs exhibit greater genomic instability after Ptch1 deletion (Fig. 5c,d and Supplementary Fig. 6d ).
NEPs exhibit increased tumorigenic potential
It has been reported that genomic instability facilitates tumorigenesis in many cells, including neuronal progenitors 14, 35 . We had previously 7 .
The fact that Ptch1 deletion promotes proliferation and genomic instability in NEPs led us to postulate that NEPs may be more susceptible to oncogenic transformation after loss of Ptch1. To test this, we crossed Ptch1 C/C mice, with Nestin-CreER T2 mice. For comparison, we also deleted Ptch1 in GNPs using Math1-CreER T2 mice 7, 25 . We treated animals with tamoxifen at P4 and examined cerebella at P21, a time point at which wild-type GNPs have exited the cell cycle, differentiated and migrated inward from the surface of the cerebellum (Fig. 6a) .
As reported previously 7 , we found large numbers of proliferating cells on the surface of the cerebellum in P21 Math1-CreER T2 -Ptch1 C/C animals ( Fig. 6b) . We detected far fewer ectopically proliferating cells in the Nestin-CreER T2 -Ptch1 C/C cerebellum at P21 (Fig. 6c) , consistent with the relatively small number of NEPs in the cerebellum at the time of tamoxifen treatment (NEPs account for only 3-5% of EGL cells at P4). Notably, both Nestin-CreER T2 -Ptch1 C-C animals and Math1-CreER T2 /Ptch1 C/C animals eventually developed tumors. These tumors resemble human medulloblastoma in terms of histology ( Fig. 6d-f) . Moreover, tumor cells from Nestin-CreER T2 -Ptch1 C/C and Math1-CreER T2 -Ptch1 C/C mice exhibited very similar gene expression profiles based on principal component analysis ( Supplementary  Fig. 7) . Thus, NEPs can also give rise to medulloblastoma after loss of Ptch1.Despite being far less abundant than GNPs, NEPs give rise to tumors with the same penetrance (100%) and latency as Math1 + GNPs (Fig. 6g) . These findings suggest that on a per-cell basis, NEPs may be more prone to give rise to tumors than GNPs.
To directly compare the tumorigenic potential of NEPs and GNPs, we performed limiting dilution transplantation assays. For this purpose, we generated Nestin-CreER T2 -Nestin-CFP-Ptch1 C/C mice and Math1-CreER T2 -Math1-GFP-Ptch1 C/C mice. After treatment of these animals with tamoxifen at P4, we microdissected EGLs at P8. We isolated NEPs and GNPs with deleted Ptch1 from the dissociated EGLs by FACS-sorting CFP + and GFP + cells, respectively. We confirmed comparable efficiency of Ptch1 deletion in the two purified cell populations by quantitative PCR as previously described 7 ( Supplementary Fig. 8a-c) . Transplantation of more than 50,000 NEPs or GNPs resulted in tumor formation in 100% of recipients (Fig. 6h and Supplementary Fig. 8d) . Transplantation of 20,000 GNPs resulted in tumors in 60% of recipients, whereas the same number of NEPs still generated tumors in 100% of recipients. Transplantation of fewer than 20,000 GNPs did not cause tumor formation, but as few as 5,000 NEPs generated medulloblastoma in 50% of recipients. These data confirm that NEPs have increased tumorigenic potential compared to GNPs.
DISCUSSION
Nestin is widely considered a marker for NSCs in various regions of the nervous system, but is commonly lost as NSCs differentiate into lineage-restricted neuronal and glial progenitors 2 . Here we describe a previously unidentified population of Nestin-expressing cells in the EGL of the developing cerebellum. These cells did not exhibit stem cell properties such as neurosphere-forming capacity and multipotency, and exclusively generated granule neurons. These data suggest that some neuronal progenitors retain Nestin expression during differentiation.
Although they are committed to the granule neuron lineage, NEPs are apparently distinct from conventional GNPs in that NEPs account for only 3-5% of the cells that can be isolated from the EGL, whereas GNPs account for over 90% of EGL cells; NEPs do not express Math1, a transcription factor previously thought to be essential for specification of GNPs 17 ; NEPs reside in the deep part of the EGL, whereas GNPs are found in the superficial EGL; GNPs proliferate extensively in the EGL, whereas NEPs migrate and differentiate without initial proliferating; and the expression profile of NEPs is distinct from that of GNPs. Together, these data suggest that NEPs represent a unique population of granule neuron progenitors. Previous studies have suggested that cerebellar granule neurons predominately originate from Math1-expressing GNPs 25 . However, our studies demonstrate that NEPs also contribute to the genesis of granule neurons. We have not observed any obvious phenotypic or morphological differences npg a r t I C l e S between granule neurons originating from NEPs and those arising from conventional GNPs, but additional studies will be necessary to determine whether there are functional distinctions between these two populations.
The ability of NEPs to give rise to granule neurons despite their lack of Math1 expression is somewhat surprising. Math1 is highly expressed in GNPs located in the anterior rhombic lip as well as the outer part of the EGL 17 . The fact that Math1-deficient animals lack an EGL has often been interpreted to mean that Math1 is required for GNP regeneration. Our observation that NEPs can produce granule neurons suggests that Math1 is not absolutely required for specification or maintenance of granule neuron identity. Although our studies have revealed that NEPs and GNPs are mutually exclusive during cerebellar development, it is possible that NEPs and GNPs have a common cellular origin: NSCs in the ventricular zone 15 . It has been demonstrated that GNPs originate from progenitors in the rhombic lip 10 . However, we detected no Nestin-expressing cells in the rhombic lip at embryonic stages (Supplementary Fig. 1) , and NEPs are always found in the deep part of the EGL, implying that NEPs are not rhombic lip-derived progenitors. Other possible sources of NEPs include NSCs in the embryonic ventricular zone or postnatal white matter 6 , or astroglial cells in the EGL 36 .
A recent study identified a new population of GFAP + cells in the EGL by using transgenic mice expressing DsRed driven by the human GFAP promoter 36 . DsRed + cells expressed Nestin, reside in the deep part of EGL and to give rise to granule neurons. However, 60% of GFAP + cells were Musashi1 + , and almost half of GFAP + cells were Ki67 + . Based on these immunostaining data, the authors concluded that GFAP + cells in the EGL represent NSCs. In contrast, the NEPs we identified in our study were quiescent and did not exhibit multipotency or the ability to form neurospheres. Given these differences, we believe that NEPs and GFAP + cells in the EGL are distinct populations.
Shh is a potent mitogen for GNPs in the developing cerebellum. Despite residing in a Shh-enriched environment, NEPs do not express Shh target genes and do not proliferate in vivo. However, NEPs markedly increase their proliferation in response to Shh in vitro. These data suggest that NEPs have the capacity to respond to Shh signaling. The failure of NEPs to respond to Shh in vivo may be due to factors in the inner EGL that override the mitogenic effects of Shh. For example, pituitary adenylate cyclase activating polypeptide 37 , bone morphogenetic proteins 38 , FGF-2 (ref. 39 ) and the extracellular matrix molecule vitronectin 40 have all been shown to inhibit Shh-induced proliferation of GNPs. Additional experiments will be necessary to delineate the contribution of these signals to the quiescent state of NEPs in vivo.
It has been reported that GNPs can give rise to medulloblastoma after aberrant activation of Shh signaling 7, 41 . In this study, we demonstrated that NEPs also have the capacity to initiate medulloblastoma formation after deletion of Ptch1. We did not find any obvious differences between tumors arising from GNPs and those derived from NEPs based on thymidine incorporation, cell-cycle analysis and gene expression profiling. These studies suggest that both NEPs and GNPs can represent cells of origin for Shh-associated medulloblastoma. Notably, expression of Shh in Nestin + cells using the RCAS-TVA system also results in medulloblastoma 12 . Although previous studies have suggested that these tumors arise from GNPs, our studies raise the possibility that they may actually originate from NEPs.
Cell proliferation involves many processes that need to be tightly coordinated to ensure the preservation of genome integrity and to promote faithful genome propagation. Efficient and error-free DNA replication is critical for faithful replication of chromosomes before their segregation. Coordination of DNA replication with DNA-damage repair ensures genome integrity during cell division, thus preventing tumorigenic mutations. It has been reported that disruption of a DNA repair pathway has the potential to expedite tumorigenesis by resulting in a cell that is hypermutable 42, 43 . In this study, we demonstrated that NEPs exhibit more chromosomal aberrations after Ptch1 deletion than GNPs. In our previous studies, we have demonstrated that loss of Ptch1 alone is not sufficient to initiate tumor formation and that additional epigenetic or genetic changes ('second hits') are required to fully transform GNPs 7, 44 . Comparable levels of proliferation of NEPs and GNPs after deletion of Ptch1 (Fig. 5c) indicate that the differential tumorigenic potential of these two cell populations is not solely due to deletion of Ptch1. Deficiency in DNA repair may give NEPs advantages in terms of accumulating the oncogenic mutations necessary for tumor initiation, and this may result in the increased tumorigenicity of NEPs after deletion of Ptch1.
The fact that NEPs exhibit increased genomic instability and increased tumorigenic potential is consistent with previous studies showing that genomic instability facilitates formation of medulloblastoma in neuronal progenitors. Ionizing radiation dramatically increases tumor incidence and accelerates medulloblastoma formation in Ptch1 +/-mice, suggesting that DNA damage results in predisposition to medulloblastoma tumorigenesis 45, 46 . Moreover, inactivation of DNA repair-associated genes, including Lig4, Xrcc4 and Brca2 in cerebellar neuronal progenitors (using a Nestin-Cre transgene), has been reported to cause formation of medulloblastoma in a p53-deficient background 14, 35, 47 . A very recent study has also shown that overexpression of Yes-associated protein (YAP) impairs DNA repair and increases medulloblastoma tumorigenesis in cerebellar neuronal progenitors 48 . Our observation that NEPs are already deficient in DNA repair suggests that these cells may be particularly prone to transformation and may represent cells of origin in some of the above tumor models.
It is common to think of oncogenic transformation as resulting from a series of mutations that endow a cell with increased genomic instability, unlimited proliferative capacity, decreased ability to undergo apoptosis and altered ability to interact with the microenvironment. However, our studies suggest that these properties may not necessarily be the result of somatic mutations, but instead, may represent intrinsic characteristics of cells at certain stages of development. Indeed, transgenic expression of the same oncogene or conditional deletion of the same tumor suppressor gene in different tissues under the control of tissue-specific promoters frequently results in remarkable variations in tumor-initiating capability, phenotype, latency and penetrance 49 . These examples highlight the critical role of the cellular context in determining whether and when tumorigenesis will take place in response to particular oncogenic stimuli. Identification of 'tumorprone' cell populations may provide critical insight into mechanisms of transformation and yield new approaches to targeting cancer.
METHODS
Methods and any associated references are available in the online version of the paper. 
